A wide variety of biotic and abiotic stresses continually attack plants and animals, which adversely affect their growth, development, reproduction, and yield realization. To survive under stress conditions, highly sophisticated and efficient tolerance mechanisms have been evolved to adapt to stresses, which consist of the variation of effector molecules playing vital roles in physiological regulation. The development of a sensitive, facile, and rapid analytical methods for stress factors and effector molecules detection is significant for gaining deeper insight into the tolerance mechanisms. As a nondestructive analysis technique, surface-enhanced Raman spectroscopy (SERS) has unique advantages regarding its biosensing applications. It not only provides specific fingerprint spectra of the target molecules, conformation, and structure, but also has universal capacity for simultaneous detection and imaging of targets owing to the narrow width of the Raman vibrational bands. Herein, recent progress on biotic and abiotic stresses, tolerance mechanisms and effector molecules is summarized. Moreover, the development and promising future trends of SERS detection for stress-related substances combined with nanomaterials as substrates and SERS tags are discussed. This comprehensive and critical review might shed light on a new perspective for SERS applications.
Introduction
A wide range of stresses severely affect the growth and development of plants and animals worldwide. The stresses can be mainly divided into two broad categories: biotic stresses including different types of attacks from living organisms, (i.e., bacteria, fungi, viruses, nematodes and insects as well as other biology) [1] [2] [3] [4] ; abiotic stresses mainly caused by complex environmental conditions, (i.e., drought, submergence, salinity, hypoxia, heavy metal, pesticide and veterinary drugs, environmental organic pollutants, nutrient deficiency, light, UV, and extreme temperatures) [5] [6] [7] [8] [9] [10] [11] . To survive under stress conditions, highly sophisticated and efficient tolerance mechanisms are evolved to avoid, cope with, and adapt to all kinds of stresses, and have become a research hotspot.
Plants and animals share many tolerance mechanisms of unfavorable stresses. However, the mechanisms underlying the stress response in plants are probably more advanced and prominent than in animals [12] . During plant evolution, as sessile organisms, many mechanisms of stresses are activated at molecular, biochemical, physiological, and morphological levels [13] . In response to stress, a variety of effector molecules generated in plants, e.g., reactive oxygen species (ROS) [14] , antioxidant enzymes [15] [16] [17] , low molecular weight of secondary metabolites [18] , unsaturated fatty acid and lipid peroxidation oxidation products [19] [20] [21] , plant hormones [22] , adversity stress proteins [23] , 
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Inorganic Ions
Heavy Metal Ions
Metals of those densities higher than 5 g·cm −3 are defined as heavy metals. With the urbanization, industrialization, automobile exhaust and intensive management of agriculture, heavy metal pollution, which is highly toxic to the growth and development of plants and animals, has attracted increased attention [38] . When organisms are exposed to heavy metals stress, detrimental effects would occur, such as the imbalance of ROS and the resistance to essential functional groups in biomolecules [39] . Among the common heavy metals, Fe, Zn, Ni, Cu, Co, and Cr are micronutrients but toxic at higher concentrations, whereas other metals such as As, Hg, Ag, Sb, Cd and Pb seem to be non-essential [40] . In contrast to the usual atomic spectrometry, SERS technique provides a superb platform for the detection of these metal ions, which are illustrated as follows.
Sun et al. [41] developed a high-performance SERS sensing platform for Hg 2+ employing gold nanoparticles (AuNPs) modified silicon nanowire array as active substrate with signal "turn-on" strategy. Typically, single-stranded DNA would convert to the hairpin structure due to the formation of thymine (T)-Hg 2+ -T in the presence of Hg 2+ ions, with strong SERS signals being detected. Similarly, using T base as the Hg 2+ recognition molecule, Lu et al. [42] immobilized DNA aptamer which also contains the adenine and guanine bases on the surface of SiO 2 @Au core/shell nanoparticles. With specific interaction of Hg 2+ with T bases in the aptamer, the DNA showed vertical orientation, leading to increase of Raman signal ratio I(660 cm −1 )/I(736 cm −1 ), thus allowing the measurement of trace amounts of Hg 2+ in the range of 0.1-1000 nM selectively. Makam et al. [43] reported a simple SERS marker using bolaamphiphile modified Au monolayers to provide a sensitive and selective detection platform for Hg 2+ , in which the fluorescence signal is also related to the concentration of Hg 2+ . Remarkably, this sensor offers an unprecedented Hg 2+ detection limit of 60 × 10 −18 M through SERS amplification technique. Determination of Hg 2+ based on signal "turn-off" mode has also been developed. Silver nanoparticles (AgNPs) modified with sodium 2-mercaptoethanesulfonate showed strong SERS, while an intensity decrease of SERS is observed in the presence of Hg 2+ due to the strong covalent bonding of mercury and sulfur [44] . Methimazole-functionalized and cyclodextrin-coated silver nanoparticles also serve as the SERS substrate for rapid and selective detection of Hg 2+ [45] .
In the list of 12 dangerous chemicals of global significance proposed by the United Nations Environment Program, cadmium was ranked first, which would interfere with erythropoiesis and thus cause anemic heart disease [46] . Yin et al. [47] presented a new design of "turn-on" SERS nanosensors for Cd 2+ with AuNPs as the SERS-active nanoparticles, which are encoded with a new type of Raman reporter dye and a new polymer ligand to specifically chelate Cd 2+ . Addition of Cd 2+ can lead to the inter-particle self-aggregation, accompanied by the SERS fingerprint signal increases with up to 90-fold. Such platform has potential to develop an array chip of nanoparticles to simultaneously detect multiple metal ions. Thatai et al. [48] compared the SERS sensitivities of AuNPs and core-shell SiO 2 @Au nanocomposites towards Cd 2+ and confirmed that SiO 2 @Au was 20 times more sensitive than AuNPs with a limit of detection (LOD) of 100 ppb.
By taking advantage of DNAzyme's specifically catalytic reacting with Pb 2+ , a SERS biosensor for sensitive detection of Pb 2+ was proposed, with as low as 20 nM Pb 2+ ions being detected. AuNPs nanozyme catalyzed the reaction of HAuCl 4 -H 2 O 2 to form AuNPs rapidly that exhibited strong SERS effect, while Pb 2+ aptamer adsorbed on AuNPs surface and inhibited its nanocatalysis. Upon the addition of Pb 2+ , it combined with aptamer to form a stable G-quadruplex, leading to the catalysis recovering and SERS intensity enhancing linearly [49] . Li et al. also presented similar sensor applying Pb 2+ aptamer [50] . Besides, citrate functionalized gold nanoparticle [51] , aminobenzo-18-crown-6 [52] , the colloid of AuNPs/reduced graphene oxide [53] (rGO) were respectively used as the SERS substrates for selective determination of Pb 2+ . Yu et al. reported SERS chips for the simultaneous quantification of Pb 2+ and Hg 2+ , with the combination of silicon nanohybrid as substrates and an internal standard sensing strategy [54] .
Regarding the detection of As 3+ , silver nanomaterials were generally used as the SERS substrates in the reported literatures. Li et al. [55] presented a highly sensitive and selective SERS method for the trace analysis of As 3+ ions using modified AgNPs, in which GSH was used to specifically bind with As 3+ ions. The binding caused the aggregation of AgNPs, and satisfied Raman signal correlated with the concentration of As 3+ was obtained. Ag nanoporous films [56] and Au@Ag core-shell nanoparticles [57] also acted as the SERS substrate for As 3+ determination, respectively. Xu et al. [58] prepared a reproducible Ag nanofilm substrate taking advantage of a modified reaction for SERS detection of As 3+ and As 5+ .
A plasmonic nanocomposities (AuNR@AuNPS-SERS nanotags/GO) was fabricated to establish a signal "turn-off" aptasensor for detection of Cu 2+ [59] . A successful SERS sensor for Cu 2+ detection was constructed based on gold nanostars coated with cysteine, which has strong coordination ability with Cu 2+ and thus causing the aggregation of gold nanostars, along with distinct SERS signals being yielded [60] .
SERS technique used for Zn 2+ determination was also successful. Jin et al. [61] fabricated a SERS sensor platform based on 4-mercaptopyridine modified AgNPs which were anchored onto a silicon wafer, allowing for quantitative detection of Zn 2+ ions.
Anions
Apart from metal ions, SERS is also exploited for the determination and quantification of anion ions. Although the study of anionic stress is not as extensive as that of heavy metals, exposure to excessive anions also has a great impact on plants and animals. The primarily studied stress-related anions include Cl − [62] , NO 3 − [63] , SO 4 2− [64] and so on. Analysis of these anions using SERS has also be reported. Although most of these methods are applied in environmental measurement [65] [66] [67] , a large potential of SERS as a powerful tool has shown in the study of plant and animal stress tolerance. Moreover, Tran's group exploited a self-designed Raman spectroscopy system aimed to get high signal-to-noise ratio, which may be worth learning by researchers [66] .
Organic Pollutants
Pesticides and Veterinary Drug Residues
Pesticides and veterinary drugs are commonly used to resist pests and diseases or to adjust the growth of plants and animals. As a kind of abiotic stress, their extensive use leads to serious environmental pollution and disturbance of various physiological processes in plants and animals [68] . Traditional chromatographic analysis for the detection of pesticides and veterinary drug residues are sensitive, accurate and reliable [69] . However, the rapid and efficient monitoring methods such as SERS for reliable and quantitative detection of such residues are still urgently required.
There are many studies about improving the sensitivity and reproducibility using excellent substrates and effective targets separation techniques in SERS [70] . Metal colloid-based substrates, such as Ag or Au nanomaterials, are most widely used as SERS nanosubstrates to improve the sensitivity [71] . However, the stability of these metal colloid-based substrates is susceptible to electrostatic repulsion. In addition, then metal-semiconductor hybrid nanomaterials with higher enhancement have been adopted [72] . Recently, there has been increased research interest in the positioning of solid surface-based substrates that influences the extraction of targets from complex surfaces. One type of solid SERS substrate is "hard" substrate, which immobilized small SERS-active building blocks on "rigid" substrates or films by complex and time-consuming methods. However, "flexible" polymer substrates consisting of plastics carbon fibers, plastics, papers, and adhesive tape are more effective for SERS detection [73] . A nanocomposite of Au nanofilms/cicada wing has been synthesized via a magnetron sputtering method and a LOD of 1 × 10 −9 mg·mL −1 for acephate was acquired, which also could be applied to the rapid and sensitive detection of other trace residues [74] .
An extraction and separation techniques are necessary in pesticide residues detection by SERS due to the complexity of sample matrices. However, much simpler sample preparations are enough for SERS detection compared to chromatographic methods [37] . He et al. proposed a SERS method for pesticide detection in apple peels based on a simple swab method [75] . In addition, a few studies on the detection of pesticide in apple peels adopting similar extraction procedure have also been reported, which demonstrated SERS can be applied successfully in detecting pesticides in lightly treated samples. In future, detection of the products of transformation and reaction, metabolites, impurities of pesticides and veterinary drugs during physiological activities of plants and animals using SERS should be emphasized and strengthened. The integration of SERS with other techniques can overcome limitations and bring more advantages such as result verification, better sample preparing procedures, and automating analysis. Another appreciable trend on the SERS detection of pesticides and veterinary drug residues is the potential to detect targets internalized in the cells of living tissues [73] .
Polycyclic Aromatic Hydrocarbons
Polycyclic aromatic hydrocarbons (PAHs) are widely distributed, toxic, highly carcinogenic, and environmentally persistent pollutants, which are combustion byproducts of carbon-based fuel [76] . The prior researches at the physiological and biochemical levels have shown that the oxidative stress and corresponding ROS are the main response to PAHs stress [77] . When the balance between pro-oxidants and antioxidant defenses (i.e., catalase CAT, superoxide dismutase SOD, glutathione peroxidase GPx and glutathione S-transferase GAT) is broken, the ROS and proteins levels in plants and animals would alter significantly [78] . Therefore, the ROS and antioxidase have been considered to be effector molecules that play vital roles in investigating the abiotic stress of PAHs [79] and will be elaborated later.
An easy-to-operate, highly sensitive and selective SERS method has been proposed for PAHs detection to substitute traditional methods [15] . As nonpolar molecules, PAHs are poorly soluble in water and unsatisfied in affinity with bare metal surfaces. Therefore, functionalized Ag or Au substrates were first proposed to improve the adsorption of PAHs [80, 81] . The functional molecules including thiol groups, calixarenes, and cyclodextrin derivatives have been adopted to increase the sensitivity of SERS for PAHs detection [82] [83] [84] . Recently, various novel SERS substrates with specific geometries and ultrahigh enhancement efficiency have been prepared for ultrasensitive PAHs detection as low as nM level, such as Au on TiO 2 nanotube arrays, Au coffee ring ( Figure 1 ) and Au on Fe 3 O 4 or nickel 3D foam [81, [85] [86] [87] [88] . Au coffee ring effect refers to the accumulation of a dense, ring-like deposit on the border by evaporating a droplet of aqueous solution containing nonvolatile Au. Owing to the interplay of contact line pinning, solvent evaporation, and capillary flow of Au coffee ring, it is particularly suitable for material enrichment and material transport in SERS analysis [86] . The efficient and sensitive identification of multiple PAHs molecules based on single substrate is the biggest challenge of PAHs detection using SERS. Grafting AuNPs or AgNPs onto the surface of magnetic particles is another significant research progress to separate and enrich PAHs molecules before SERS detection [81] .
Au. Owing to the interplay of contact line pinning, solvent evaporation, and capillary flow of Au coffee ring, it is particularly suitable for material enrichment and material transport in SERS analysis [86] . The efficient and sensitive identification of multiple PAHs molecules based on single substrate is the biggest challenge of PAHs detection using SERS. Grafting AuNPs or AgNPs onto the surface of magnetic particles is another significant research progress to separate and enrich PAHs molecules before SERS detection [81] . 
Formaldehyde
Formaldehyde, one kind of the abiotic stress factors, is a primary industrial chemical and a widespread environmental pollutant. A variety of changes in plants including chlorophyll content, the activity of peroxidase (POD) and ascorbate peroxidase (APX), carotenoid content, lipid peroxidation rate, the superoxide anion production rate and soluble protein and sugar contents would be caused by formaldehyde [89] . Meanwhile, formaldehyde can induce systemic toxicity by oxidative stress, which occurred in multiple tissues of formaldehyde-exposed rats and mice. The ROS is generated as the response to oxidative stress of formaldehyde, which can disrupt the physiological balance between oxidant and antioxidant enzymes [90] .
Various analysis methods of formaldehyde have been explored, including colorimetry, fluorimetry, chemiluminescence, GC and HPLC [91] [92] [93] . Although their sensitivity, precision and accuracy are high enough for the trace detection of formaldehyde, the high-cost and large apparatuses are the challenges of on-site rapid screening. AgNPs as Raman-active substrates have been developed to detect formaldehyde based on the production of the Hantzsch reaction, which is a specific derivatization reaction between formaldehyde and 3-Methyl-2-benzothiazolinone hydrazone or 4-amino-5-hydrazino-3-mercapto-1,2,4-triazole (AHMT) [94] [95] [96] . However, using AuNPs as Raman-active substrates for formaldehyde analysis by SERS was scarcely studied. Lv et al. proposed a simple, controlled, and one-step scheme for synthesis of Au dendrites that served as Raman-active substrates for sensitive detection of formaldehyde based on the derivatization reaction of formaldehyde with AHMT [97] . Selection of suitable SERS substrates and derivatization reagents is the main direction to improve the SERS sensitivity and selectivity for the rapid formaldehyde analysis in real samples with complicated matrix.
Microorganism
Bacteria
Higher plants are vulnerable to various forms of biotic and abiotic stress, among which bacterial infection is one of the main environmental stress factors encountered in the process of plant growth and development. Similar to plants, bacterial stress would cause various animal illnesses from minor skin infections to big life-threatening diseases. Common pathogenic bacteria include Fusarium, Bacillus, Coccus, Vibrio, Salmonella et al. [2, [98] [99] [100] [101] [102] [103] . Compared with typical methods such as plate counting and immunoassay, SERS technique has its unique advantages in the detection of pathogenic bacteria.
To capture target molecules more efficiently, aptamers instead of antibodies have been used for SERS assay of Staphylococcus aureus. Wang et al. [104] achieved single-cell detection of S. aureus through a magnetically assisted SERS biosensor with aptamer as the recognition element. They synthesized Ag-coated magnetic nanoparticles as the substrate and DTNB-labeled plasmonic NPs as novel SERS tags. Through optimizing the aptamer density and linker length, this assay can achieve excellent bacteria arrest (up to 75%). By replacing the corresponding aptamers, this SERS bioassay shows potential to monitor various bacterial pathogens and even cells. It can also be extended to the detection of multiple analytes if different aptamers are present. By the specific capture ability of aptamer, selective identification of S. typhimurium and S. aureus were realized based on magnetic AuNPs as substrate which was conjugated with aptamers of both S. typhimurium and S. aureus [105] . Except aptamers, vancomycin coating of plasmonic nanorod-array was used to capture S. aureus bacteria via multiple hydrogen bonding forces that existed between bacterial peptidoglycan and the carbonyl/amine groups of vancomycin. An ultralow SERS detection limit down to 17.8 cfu·mL −1 was achieved [106] . Lin et al. [107] embedded AuNPs in mesoporous silica with the aim of a high surface area for SERS though a convenient one-pot method and realized the detection of S. aureus. Regardless of typical and expensive SERS bases based on gold or silver, Kowalska et al. [108] chose bases that are fabricated using a simple and economic method through the decomposition of copper hydride.
Xu et al. [109] designed a sandwich structure using aptamers to quantify the concentration of Vibrio parahaemolyticus. This sandwich structure consisted of a first aptamer encoded on Fe 3 O 4 @Au/GO nanostructures to serve as the capture probe and a second aptamer modified with the Raman reporter molecule to undertake the SERS sensing task. This study can realize ultrasensitive detection of V. parahaemolyticus with a detection limit of 14 cfu·mL −1 . They further designed a novel quasi-3D plasmonic nanostructure arrays to act as SERS-active substrates, which contribute to the rapid characterization and reliable quantification of different strains of V. parahaemolyticus on account of the SERS barcodes originated from the SERS spectra [110] . These unique SERS barcodes also offer the possibility of accurate identification of blind samples and mixtures.
Bacillus anthracis, generally known as anthrax, is classified as a class of dangerous bioterrorism agent. He et al. [111] proposed an innovative label-free platform for the recognition and detection of B. anthracis spores with silver dendrites as the SERS substrates, which was covered with aptamer for capturing the spores. Although the aptamer used was not specific enough against B. anthracis spores, the superior discrimination capacity of the SERS technology benefits the accuracy of this assay. Regarding the determination of B. anthracis by SERS, the more rapid and efficient approach is required to detect dipicolinic acid (DPA), which serves as an excellent biomarker of anthrax. Lu's group [112] firstly achieved a LOD of about 4 × 10 −6 M CaDPA based on SERS-active silicon nanowire arrays coated with silver. Farquharson's group [113] made use of ATYPLPIR, a peptide having stronger affinity to B. anthracis than other species of Bacillus, to offer the SERS assay with 10 4 spores per mL every 10 min. Cheung et al. [114] proposed a SERS method composed of meso-droplets on superhydrophobic wires and achieved the sensitive detection of DPA, well below the infective dose. Based on the interaction between DPA and Hg 2+ , rapid and ultrasensitive determination of DPA with zero-background was reported. As shown in Figure 2 , the introduction of Hg 2+ and DPA induced the controllable aggregation of papain-capped AuNPs, which initiated the variation of SERS intensity of cresyl violent acetate conjugated AuNPs correspondingly. The depressed Raman intensity is linearly dependent on the concentration of DPA in the range of 1 nM-8 µM, with an extremely low detection limit of 67.25 pM [115] . Furthermore, field analysis would be realized using portable Raman spectrometer.
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Virus
Viruses are small agents that can infect life forms from animals to plants and replicate inside the living cells of other organisms. There are various viruses widely found in animals, such as bovine ephemeral fever virus [4, 116] , bovine rhinotracheitis virus [117] , Newcastle disease virus [118] , respiratory syndrome virus [119] , poly (I:C) [120] [121] [122] , porcine circovirus [123] and so on, which cause infectious diseases and an enormous economic loss. Thus, it is significant to develop sensitive and facile methods for detecting these viruses to handle the infectious diseases. As a rapid and 
Viruses are small agents that can infect life forms from animals to plants and replicate inside the living cells of other organisms. There are various viruses widely found in animals, such as bovine ephemeral fever virus [4, 116] , bovine rhinotracheitis virus [117] , Newcastle disease virus [118] , respiratory syndrome virus [119] , poly (I:C) [120] [121] [122] , porcine circovirus [123] and so on, which cause infectious diseases and an enormous economic loss. Thus, it is significant to develop sensitive and facile methods for detecting these viruses to handle the infectious diseases. As a rapid and nondestructive technique, SERS has come to be applied in virus identification and these reported sensors would provide an enlightening idea to the recognition of a variety of viruses.
Au/Ag multilayered nanorod arrays was fabricated via the focused ion beam technique as SERS substrates for the identification of the influenza A virus strain with a detection limit of 10 6 PFU·mL −1 [124] . Lim et al. [125] proposed a SERS assay for in situ influenza virus identification. This assay successfully distinguished four different viruses on the hypothesis that every newly emerging virus possesses unique surface lipids and proteins, which generated their own characteristic Raman spectra by interacting with gold nanostructures. Sun et al. [126] demonstrated a magnetic immunosensor for avian influenza virus detection based on Fe 3 O 4 /Au NPs as both capturing and supporting substrates with high SERS activity. This sensor showed excellent sensitivity with a lowest concentration of H3N2 H 3 N 2 down to 1 × 10 2 TCID 50 ·mL −1 . Porcine circovirus (PCV) is the first and smallest animal virus. A facile immunoassay for PCV2 using multi-branched AuNPs as SERS substrates was also proposed [127] . Prion proteins, which can infect animals, were quantified by a SERS-based optical platform making use of its higher binding affinity for Cu 2+ ions [128] .
Air Pollutants
Air pollutants are crucial sources of abiotic stress on plants, which primarily includes carbon oxides, nitrogen oxides, ozone, sulfur oxides and ammonia. When leaves are chronically exposed to the air pollution, the waxy layer that protects plants from water loss, drought diseases, pests, and frost would be damaged, and many physiological processes in plants would be modified.
Ozone, a phytotoxic gaseous air pollutant, has severe effects on plant and is considered to be a significant threat to crop production [129] . Ozone enters mesophyll tissue through stomata and then produces ROS, which can damage the cell membrane, accelerate the lipid peroxidation, lead to chlorophyll degradation, decrease the photosynthesis rate, and depress biomass accumulation [130, 131] . For developing a sensitive and selective detection method of ozone, SERS has been proposed and practiced in air samples. Zhang et al. took rhodamine S as a molecular probe on a substrate of aggregated AuNPs sol and realized trace ozone monitoring with a LOD of 0.9 nmol·L −1 [132] .
The rapid growth of the anthropogenic production of carbon dioxide (CO 2 ) has opened serious issues related to global warming and abiotic stress on plants. CO 2 dissolved in groundwater can increase the concentration of aqueous carbonate species and cause significant changes in pH. Therefore, the viability and activity of many species, such as green alga microorganisms have been influenced by dissolved CO 2 [133, 134] . Employing SERS as a new strategy for capturing and monitoring CO 2 has been proposed. Lust et al. has demonstrated that the SERS spectra of CO 2 adsorbed on cold-deposited copper films could be clearly displayed [135] . SiO 2 /TiO 2 , core/shell beads, have been designed and fabricated for SERS detection of CO 2 under real working circumstances [136] .
Nitrogen oxide, sulfur oxides and ammonia, the composition of air pollution, can also cause abiotic stresses that influence a variety of physiological functions and the defense responses in plants and animals. However, until now very few researches on the application of SERS have been proposed for detection of these ingredients.
SERS Applications in the Detection of Effector Molecules
Abiotic and biotic stresses on plants and animals are important limiting factor to their growth, development, reproduction, and yield realization. Plants and animals share some tolerance mechanisms to unfavorable stress. However, plants without a well-defined immune system have much more complex response system to stress and are mainly described here. A mass of effector molecules would be generated in plants to respond to stress. Therefore, monitoring them is beneficial to investigating the tolerance mechanisms of plants. Therefore, the SERS applications in the detection of effector molecules in plants will be reviewed in this part.
Reactive Oxygen Species (ROS)
ROS, such as H 2 O 2 and superoxide anion radical (O 2 − ), are physiological metabolites in plants that play a significant role in cell signal transduction, growth, development, and biotic or abiotic stress responses [137] . When plants are subjected to stress, a large amount of ROS is produced in the body, disrupting the ROS homeostasis and causing oxidative damage to membrane lipids [138] . Besides, ROS play a vital role as signaling molecules. In consequence, the accurate measurement of ROS is indispensable for the deep understanding of stress tolerance and regulation. Using the reducibility of H 2 O 2 , AuCl 4 − was reduced to Au 0 that enlarge the AuNPs adhered to the surface of SiO 2 . With the increase of H 2 O 2 concentration, the resultant gold on the surface of silica cores keep growing correspondingly until continuous gold nanoshells come into being. During the process, the SERS activity was strongly correlated with the amount of H 2 O 2 , which allows the quantification of H 2 O 2 . Furthermore, H 2 O 2 scavenging activity was also determined [139] . Except gold, silver is also used as SERS substrate for H 2 O 2 detection. Chen et al. [140] reported a SERS and electrochemical dual sensor for H 2 O 2 that was fabricated based on silver nanowires deposited on coffee filter through a simple dip-coating route. They also deposited silver nanowires on fluorine-doped tin oxide glass which functioned as both SERS substrate and electrochemical sensor for H 2 O 2 [141] . Qin et al. [142] constructed AuNPs/dopamine sensing platform. The SERS signal differences between AuNPs/dopamine and AuNPs/dopamine-quinone indicated the platform showed great potential for the identification of GSH or O 2 − with high sensitivity. Above all, when being introduced into living cells, the AuNPs/dopamine platform could realize the real-time delivery of ROS information. Dong et al. [143] proposed a free radical-quenched SERS probe using starch to coat gold nanoshells that formed a protective layer as the enhancement substrate. Methylene blue, which served as the signal molecule, was then adsorbed on starch-coated gold nanoshells. Methylene blue can react with free radical converted from H 2 O 2 to quench its SERS signal, thus the detection of H 2 O 2 was realized. This probe can also be used for the detection of glucose since it can be transformed to H 2 O 2 in the presence of glucose oxidase.
Enzymatic Antioxidants
As byproducts of different biotic and abiotic stresses, the ROS as the first layer of defense accumulate quickly in organelles such as chloroplasts, peroxisomes, mitochondria plasma membrane and cell wall [144] . Then the oxidative stresses induced by ROS cause a series of changes in cell including carbohydrate, protein, lipid, and nucleic acid [145] [146] [147] [148] [149] . The excessive ROS is counter balanced by antioxidative defense system including enzymatic and nonenzymatic antioxidants. The enzymatic antioxidants mainly include APX, CAT, SOD, POD and GR [138, [150] [151] [152] [153] . Secondary metabolites antioxidants, the nonenzymatic antioxidants, such as glutathione, chlorophylls, ascorbic acid, carotenoids, and tocopherols are involved in ROS quenching [150, [153] [154] [155] .
Avoiding the time-consuming sample preparation and large apparatuses needed by traditional detection methods, SERS have been employed to the rapid and sensitive detection of antioxidant enzyme [156, 157] . Horseradish peroxidase (HRP) and its activity have been measured by single-molecule SERS through polymer-bridging flocculation to aggregate the AgNPs [158] . The SERS spectra from the assembled AgNPs/protein films showed excellent reproducibility and sensitivity regardless of the charge status and size of enzyme [159] . Silver nanocrystallite based on porous silicon has been used as efficient SERS substrate for trace HRP detection [160] . Cottat et al. used gold nanoantennas to develop a novel SERS nanobiosensor with high specificity and sensitivity offered by thiolated aptamers for MnSOD detection [161] . Although a few SERS methods have been reported for antioxidant enzyme detection, there are still enormous requirements to establish sensitive, rapid, and simple detection methods.
Nonenzymatic Antioxidants
Chlorophylls, phenols, flavonoids and the like, which are secondary metabolites antioxidants, are mainly monitored by spectrophotometer and chromatographic techniques [138, 162] . An economical and rapid SERS has also been proposed recently. Lian et al. employed SERS to detect the chlorophyll in vegetable oils, which does not require any sample pretreatment and greatly shorten the testing time [163] . Ferulic acid, p-coumaric acid, sinapic acid and caffeic acid are typical examples of important natural phenolic antioxidants. Aguilar-Hernández et al. [164] prepared diverse SERS-active silver colloids and clustered the as-obtained colloids employing Principal Component Analysis (PCA) based on the concentration and nanoparticle size, to systematically evaluate these phenolic antioxidants by SERS measurements sensitively. In general, flavonoids possess multiple OH groups, which may interact with AgNPs and play a part in the activation of SERS. Therefore, SERS spectra of various flavonoids were mostly investigated in the presence of AgNPs [165] . Taking advantage of the aggregation of citrate-capped AuNPs, Huang et al. [166] reported a SERS sensor for the analysis of catechin, a kind of natural flavonoid associated with a myriad of biological effects.
Plant Hormones
Plant hormones are a group of naturally occurring trace organic compounds synthesized in plants [167, 168] . Plant hormones as chemical messengers play vital roles in the regulation of physiology during plant growth and development, as well as in response to various biotic and abiotic stresses [169] [170] [171] [172] [173] . To date, nine recognized types of plant hormones including auxins (IAA), cytokinins (CTK), gibberellins (GA), ethylene (ETH), abscisic acid (ABA), brassinosteroids (BR), jasmonates (JA), salicylic acid (SA) and strigolactones (SL) have been identified and play crucial roles in response to stress in plants [174] [175] [176] . Nitric oxide (NO) [169] , cytochrome P450s [177] , protein kinase [178] and polypeptide are characterized as plant hormone analogues due to their similar modes of physiological action. Their occurrence and content depend strongly on the plant organ, plant age, developmental stage, environmental conditions, and stresses [179] .
Plant hormones, small molecular secondary metabolites presented in plant tissues, with high bioactive signaling and extremely low concentrations (generally 1 µmol·L −1 ) regulate all plant developmental processes [180] . However, plant hormones are easy to be inactivated due to their unstable properties. Meanwhile, plant tissues are complicated multicomponent mixtures containing trace plant hormones and other compounds similar to hormones in structural and/or physicochemical properties. Therefore, rapid and reliable analytical methods are urgently required. The currently mainstream methods of sensitive determination of plant hormones, such as ELISA, HPLC, GC/MS, LC/MS, and flow injection fluorimetry are time-consuming and require complicated sample preparation and enrichment [181, 182] . SERS with high sensitivity and unique spectroscopic fingerprint, has been greatly applied as a useful tool for the analysis of trace plant hormones in complex matrix using noble metal nanoparticles. N 6 -Benzylademine, a kind of cytokinins, has been proved to control plant adaptation to biotic and abiotic stresses. N 6 -Benzylademine with the protective effects on the growth, photosynthesis, and antioxidant capacity in the plant leaves plays a significant role in the tolerance of plants to multiple stresses such as salinity, drought, submergence, pest and disease and extreme temperatures [183] . A rapid and sensitive SERS for the analysis of trace N 6 -Benzylademine in complicated matrix has been established using the gold nanoparticle colloid substrate [184] . Indole-3-butyric acid is a classic plant hormone that plays a vital role in promoting the root development to tolerate stresses of plants. Combination Ehrlich reaction, transforming indole-3-butyric acid into a Raman-active resonant molecule, has been proposed for ultrasensitive detection of indole-3-butyric acid, showed in Figure 3 [185] . Brassinosteroids, a kind of polyhydroxy steroids, can regulate plant growth, development, and physiological phenomena at very low concentrations. Chen et al. has developed a novel label-free AuNPs-immobilized paper strip with SERS effects for trace detection of brassinosteroids. Which was fabricated using poly (γ-glutamic acid) as the linker and concentrator for immobilizing AuNPs [186] . The prospects for the detection of plant hormones should include the quantification of multiple kinds of targets simultaneously. Development of sensitive, transient, in situ, and dynamic analytical technique for trace detection of plant hormones in a live plant is another challenge. NO has been commonly known as a source of air pollution due to the contribution to acid rain and the damage of the ozone layer. However, NO also play important roles in a wide variety of physiological functions such as plants hormones in plants, such as seed germination and dormancy, root growth, flowering, senescence, and tolerance to abiotic stress [25, 187] . Meanwhile, NO also participates in a broad spectrum of functions in animals [25] . Most of traditional assays are not suitable for the direct detection of trace NO in living system. Because of important advantages of provision of fingerprinting information and resistance to photo-bleaching, SERS has been widely applied to monitoring NO in complex matrices. Integrating Raman reporter molecules with SERS- NO has been commonly known as a source of air pollution due to the contribution to acid rain and the damage of the ozone layer. However, NO also play important roles in a wide variety of physiological functions such as plants hormones in plants, such as seed germination and dormancy, root growth, flowering, senescence, and tolerance to abiotic stress [25, 187] . Meanwhile, NO also participates in a broad spectrum of functions in animals [25] . Most of traditional assays are not suitable for the direct detection of trace NO in living system. Because of important advantages of provision of fingerprinting information and resistance to photo-bleaching, SERS has been widely applied to monitoring NO in complex matrices. Integrating Raman reporter molecules with SERS-active nanostructures reacting with NO could induce changes of SERS spectra. Cui et al. employed o-phenylenediamine-modified AuNPs as nanoprobes to detect the NO in living cells [188] . A ratiometric SERS probe based on immobilizing 3,4-diaminobenzene-thiol onto trisoctahedral gold nanostructures has been successfully developed for real-time monitoring and imaging of trace NO in live cells [189] . Then monitoring of NO released from an individual bacterium in situ has been successfully realized adopting plasmonic nanostructure-based live bacteria as SERS platform [190] . Recent research reported a molecular probe based on bodipy that can systematically provide temporal information on NO by fluorescence imaging and SERS fingerprinting [191] .
Production of Lipid Peroxidation
The structure and fluidity of plant cell membrane are affected by lipid composition and the variable unsaturated fatty acid level. Fatty acids are key components of membrane lipid and are precursors to several signaling and defense compounds [20] . Many reports have indicated that the increase of unsaturated fatty acid played a critical role in the protection of the photosynthetic apparatus from various stresses, especially heat, cold, drought and salt stress [19, 192, 193] . Moreover, the increase of ROS induced by stresses has been recognized for the membrane lipid peroxidation. Malondialdehyde (MDA) and arachidic acid, the decomposition products of the oxidation of fatty acid, has been used as an indicator of lipid peroxidation [138, 194, 195] . Monitoring the level of fatty acid and MDA is an effective way to investigate lipid peroxidation and tolerance mechanisms in plants.
GC, GC-MS and HPLC are routine methods for determination of individual fatty acid content [196, 197] . As a useful analysis tool, SERS has been applied to the sensitive and selective detection of fatty acid adsorbed on metal nanostructures. A simple, large-active-area SERS substrate, gold-coated horizontally aligned carbon nanotube (Au-HA-CNT), has been fabricated and suitable for trace fatty acid analysis [198] . The SERS spectra obtained from Ag hydrosol/DMTAP system has been used for cationic lipids detection [199] . New SERS substrates that are large-scale two-dimensional arrays of metal nanostructures derived from thin-film evaporation over polystyrene spheres have been established and combined with atomic force microscopy for topographical imaging and tracing arachidic acid [200] .
The spectrophotometric and fluorescence are main detection methods of MDA, which are based on highly chromogenic and fluorescent TBA-MDA adduct [3, 152, [201] [202] [203] . Due to the poor specificity of spectrophotometric and fluorescence feature of TBA-MDA, the sensitivity and specificity of spectrophotometric methods are not enough in the quantification of the lipid peroxidation. Zhang et al. used AgNPs as the substrates to monitor lipid peroxidation by detecting TBA-MDA adduct [204] .
Osmotic Regulation Substances
Under stress conditions, such as salt, cold and drought, osmotic stress would be induced in plant cells, and reestablishing osmotic equilibrium is extremely essential for plants. There are usually two ways for osmotic regulation. One is to absorb and accumulate inorganic salt ions; another primary strategy is the synthesis and accumulation of compatible osmolytes, which are mainly small organic molecules, including proline [205] , glycine betaine [206] , and soluble sugar (such as glucose and fructose) [207, 208] to lower the osmotic potential in the cell. Given all that, monitoring the contents of these small molecules is very necessary to gain deep insight into the mechanism of plant stress responses and tolerance. SERS technique would serve as a very powerful tool to achieve this goal.
The SERS spectrum of L-proline was recorded and studied combining the theoretical analysis based on a silver surface. The interaction between L-proline and metal was also analyzed [209] .
Cárcamo and co-workers [210] obtained SERS spectra of proline and hydroxyproline using colloidal Ag acquired by reduction with hydroxylamine.
Kong et al. [211] have demonstrated a SERS assay for glucose based on the conjugation of triosmium carbonyl cluster and boronic acid (Os-BA), as shown in Figure 4a . Using the stretching vibrations of CO in the metal carbonl for SERS quantification, this assay is free from conjugation of SERS-active species. Making use of the specific binding between 4-mercaptophenylboronic acid (4-MPBA) decorated on AgNPs and glucose, a simple "turn-on" SERS nanosensor was designed [212] . Using the similar principle, 4-MPBA modified on the gold surface was also chosen as the probe molecule for the detection of fructose by SERS technique [213] , as illustrated in Figure 4b . In fact, most sensors for glucose are based on the detection of H 2 O 2 that was produced from the oxidation of glucose catalyzed by GOx. Qi et al. [214] have designed a facile and sensitive "turn-off" SERS sensor for glucose using the etching effect of AgNPs by H 2 O 2 derived from glucose with the existence of GOx. The SERS signal of 4-mercaptopyridine as Raman tags marked on AgNPs decreased along with the etching of AgNPs. The lowest concentration that can be detected is 10 µM. Gu et al. [215] reported a SERS probe for H 2 O 2 with a LOD of 70 nM based on 3-mercaptophenylboronic acid modified AuNPs. In addition, this probe can further be coupled with GOx to achieve selective determination of glucose. Fu et al. [216] presented a glucose-detecting SERS sensor based on a sandwich structure composed of gold wafer assembled with 4-aminothiophenol and the Ag+-mediated combination of AgNPs marked with cysteamine through the coordination bond of N→Ag + ←N. In addition, here, Ag + ions come from the etching of AgNPs by H 2 O 2 arising from the oxidation of glucose. Apart from gold and silver-based substrates, Cai et al. [217] immobilized Pt nanoparticles on TiO 2 nanotube array electrochemically as SERS reversible substrates for the construction of nonenzymatic glucose sensors. 
Others
Changes in concentration, type, and activity of trace effector molecules such as glutathione and protein play critical roles in regulatory mechanisms to adapt to a variety of stresses [23, 154] . The SERS substrate based on the AgNPs substrate has been adopted for detecting trace stress proteins HSP70. Only a two-step process for HSP70 detection was needed, which is much simpler compared to the multi-step ELISA method and has the potential to replace ELISA [218] . AgNPs prepared through the reduction of AgNO3 by beta-cyclodextrin were employed to achieve sensitive SERS analysis of glutathione [219] . These researches allowed us to suggest that SERS would develop into a promising technique for simple, rapid, and on-site screening of trace effector molecules for deeply exploring the tolerance mechanisms.
Conclusions and Perspective
SERS provides ultrahigh sensitivity and specificity due to molecular fingerprint information and has been proved to be a powerful analysis technique extensively applied in many fields. Although 
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Changes in concentration, type, and activity of trace effector molecules such as glutathione and protein play critical roles in regulatory mechanisms to adapt to a variety of stresses [23, 154] . The SERS substrate based on the AgNPs substrate has been adopted for detecting trace stress proteins HSP70. Only a two-step process for HSP70 detection was needed, which is much simpler compared to the multi-step ELISA method and has the potential to replace ELISA [218] . AgNPs prepared through the reduction of AgNO 3 by beta-cyclodextrin were employed to achieve sensitive SERS analysis of glutathione [219] . These researches allowed us to suggest that SERS would develop into a promising technique for simple, rapid, and on-site screening of trace effector molecules for deeply exploring the tolerance mechanisms.
Conclusions and Perspective
SERS provides ultrahigh sensitivity and specificity due to molecular fingerprint information and has been proved to be a powerful analysis technique extensively applied in many fields. Although SERS has been successfully used for the sensitive and specific detection of trace stress factors and effector molecules, there are still plenty of challenges that need to be addressed. For instance, biocompatible, stable, inexpensive, and reliable substrates using new nanomaterials with uniformly high enhancements should be exploited. In addition, the integration of SERS with other techniques cannot only broaden its usage scope, but also bring about more advantages such as result verification, better sample preparing procedures, and automating analysis. Another prospect for investigating tolerance mechanisms using SERS should include the quantification of multiple targets simultaneously and the development of transient, in situ, and dynamic analytical methods for trace target detection in live plants and animals. With further development, SERS shows great potential to be a robust and reliable analytical technique for intensive studying in tolerance mechanisms. 
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